Abstract This paper is focused on the study of an earthquake protection system, the tuned liquid damper (TLD), which can, if adequately designed, reduce earthquake demands on buildings. This positive effect is accomplished taking into account the oscillation of the free surface of a fluid inside a tank (sloshing). The behaviour of an isolated TLD, subjected to a sinusoidal excitation at its base, with different displacement amplitudes, was studied by finite element analysis. The efficiency of the TLD in improving the seismic response of an existing building, representative of modern architecture buildings in southern European countries was also evaluated based on linear dynamic analyses.
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Introduction
Recent earthquakes have dramatically revealed that research in earthquake engineering should be directed towards the evaluation of the vulnerability of existing buildings, generally devoid of adequate structural characteristics (Vicente et al. 2012; Goda et al. 2013; Tavera et al. 2007) . Its strengthening should be made aiming at the reduction of its vulnerabilities, consequently reducing the associated risk to acceptable levels (Vicente et al. 2011) . The study and development of new strengthening techniques and/or the improvement of seismic performance is fundamental so as to avoid significant economic losses, as well as human lives, in future events.
Tuned liquid dampers (TLDs) have been used as passive or semi-active control devices in a wide range of applications, such as tall buildings and high-rise structures. TLDs are passive energy absorbing devices that have been suggested for controlling vibrations of structures under different dynamic loading conditions. A TLD consist on a rigid tank with a shallow fluid. This fluid, that can be water or another fluid, is inside the tank that is rigidly connected to the structure. Tuning the fundamental sloshing frequency of the TLD to the structure's natural frequency causes sloshing and breaking waves at the resonant frequencies of the combined TLD-structure system which allows the dissipation of significant amounts of energy (Falcão Silva 2010; Falcão Silva and Costa 2008) .
TLDs have already been studied by other research groups for application as earthquake response controlling device in buildings. In fact, a rectangular TLD can allow sloshing to occur in any direction and, when properly designed, its inherent behaviour properties under dynamic loading can make it a good solution in the reduction of bi-directional earthquake demands in buildings.
The global mechanism of controlling vibrations in structures with TLDs is based on the phenomena of fluid sloshing and wave breaking. These phenomena dissipate part of the energy induced by earthquakes. The fundamental sloshing frequency of the fluid in the TLD should be close to the natural frequency of the structure if the TLD is to dissipate energy efficiently.
The recent growing interest in liquid dampers for application in large structures can be associated to their potential advantages, such as: low cost when compared to other solutions, easy installation in existing building structures, minimal maintenance costs, may be employed for temporary use, benefit dynamic effect in uni-or bi-directional earthquake excitations, and effectiveness even for small amplitude vibrations. This paper presents a study of an earthquake protection system applied to an existing RC building. In Sects. 2 and 3 is formulated the problem, with particular attention to the description of the mathematical representation of the Liquid sloshing phenomena into a horizontal and low depth surfaces. In Sects. 4 and 5, respectively, is presented the case study and the design of the tuned liquid dampers system as function of the dynamic properties of the case study. Based on the designed solutions, in Sect. 6, the TLDs are modelled with finite element method to evaluate the efficiency of the proposed model for the tuned liquid damper and to study the characteristics of the liquid sloshing mechanism. In Sect. 7 is presented the numerical model adopted to simulate the 3D response of the building, and is assessed the seismic safety of the building, with and without the TLDs. Finally, the main conclusions are derived concerning the efficiency of tuned liquid dampers in the reduction of the seismic demands.
Problem formulation
The inclusion of TLDs in structures can improve its behaviour, especially when subjected to dynamic actions, such as wind and earthquake. When TLDs are rigidly linked to a building structure, which is subjected to a dynamic action, fluid sloshing originates pressures that change the dynamic characteristics of the structure and its response to dynamic loads. The hydrodynamic horizontal impulses applied by the steady state fluid on the tank side walls act as an auto-equilibrated system, neglecting higher-order terms and shear forces on the structure. When the structure is subjected to dynamic actions, fluid sloshing induces non-equilibrated impulsive loads in both tank side walls corresponding to the development of lateral shear forces in the structure of the building, F ind . These shear forces can be calculated, at any time instant t, as a function of the hydrostatic pressure on the tank side walls perpendicular to the direction of ground motion (equivalent to hydrostatic pressure at the same instant). Therefore, these forces depend on the height of fluid close to the tank side walls (Sun 1991) .
The building structure's shear force induced by fluid sloshing can be expressed as:
where ρ is the density of the fluid, b is the tank width and, h d and h e are the surface elevations at the right and left side walls of the tank, respectively. The lateral shear forces induced to the structure can be considered to be dependent only on the hydrostatic pressure, because this is significantly higher than the inertial loads originated by the horizontal acceleration of fluid sloshing in the tank and by friction forces acting on the tank side walls and bottom. Therefore, in this study, these two loads were neglected. It is then considered that liquid-induced horizontal loads can be calculated from the sum of total pressures acting on the right and left side walls of the tank. According to Fig. 1 , the hydrostatic pressures are dependent on the free surface height of the fluid at each side wall of the tuned liquid damper (Sun 1991) .
Fluid movement: mathematical model
Liquid sloshing movement into a horizontal and low depth surface involves non-linearities. Non-linear models, supported by the shallow water wave theory and based on partial differential equations under the specified initial and boundary conditions, can be solved using Fig. 1 Schematic representation of the forces induced to the structure due to fluid sloshing in a TLD (Novo 2008) numerical methods. However, these approaches frequently lead to high numerical instabilities. These equations are the result of both continuity relations and two-dimensional NavierStokes equations (Banerji et al. 2000; Fujino et al. 1992; Rodrigues et al. 2010; Uang and Bertero 1998) .
A linear analytical model is applied in this work, where the linear solution for liquid sloshing in the tank is simulated applying the long wave theory, based on dissipative and dispersive non-linear study-cases. This theory is used associated with integration techniques, in order to obtain the transference's function expression in a simple analytical form. Figure 1 shows the liquid sloshing in a tank, which is subjected to a horizontal motion x, in O X direction. The local Cartesian coordinate system (O X Z ) has to be considered above the steady free fluid's surface and its origin is placed at the left side wall of the tank. The length of the tank is designated by L and the average liquid depth is h f .
In an one-dimensional approach, liquid sloshing in the tank can be expressed by two non-dimensional partial differential equations (PDE), where a straight line is applied and the u(x, t) variable is eliminated, and so the expression for the elevation of the free surface becomes (Rodrigues et al. 2010) :
With: With β as a dispersion parameter, ζ f a dissipation parameter and s' a frequency parameter, and:
The previous equations are effective if β << 1 e ζ f << 1 (Fujino et al. 1992) e and:
The solution can be described as the motion of a damped single degree-of-freedom oscillator. During the excitation phase two groups of terms contribute to the solution: (a) a linear combination of all the free modes of oscillation of the basin representing the transients; and (b) a harmonic function with the frequency of the exciting motion corresponding to the steady state.
The fundamental linear sloshing frequency (w f ) of the TLD can be given by Fujino et al. (1992) 
where L is the length of the tank, h f is the liquid height and g is the acceleration of gravity.
Case study
For the applications carried out in the scope of this paper, and having in mind a specific building, the ground motion considered was defined only along one horizontal direction. The building chosen for this study is representative of the modern Portuguese architecture and was designed and built in the 1950s, when earthquake design was not contemplated in the national standards. This building has nine-storeys. The option for this case-study is justified by the moderate to high local seismic hazard of the Lisbon region and by the significant number of buildings with this typology designed and built in Southern European cities in that period. The block plan is rectangular with 11.10 m width and 47.40 m length. The building has the height of 8 habitation storeys plus the pilotis height at the ground floor. The "free plan" is also a reference because the house was conceived in a way of flexibility in use. But, the 12 structural plane frames define the architectural plan of the floor type, with 6 duplex apartments. The distance between frame's axes is 3.80 m. Each frame is supported by two columns and has one cantilever beam on each side with 2.80 m span, resulting in 13 modules.
The building geometry and dimensions of the RC elements and infill walls were given in the original project (1950) (1951) (1952) (1953) (1954) (1955) (1956) , and were confirmed in the technical. The structure is mainly composed by twelve plane frames oriented in the transversal direction (direction Y, as represented in Fig. 2) .
The twelve transversal plane frames have the same geometric characteristics for all beams and columns. A peculiar structural characteristic of the type of buildings, with direct influence in the global structural behaviour, is the ground storey without infill masonry walls. Furthermore, at the ground storey the columns are 5.5 m height. All the upper storeys have an inter-storey height of 3.0 m. A detailed definition of the existing infill panels were considered in the structural models.
For the numerical analyses, constant vertical loads distributed on beams were considered in order to simulate the dead load of the self-weight including RC elements, and infill walls, finishing, and the correspondent quasi-permanent value of the live loads, totalising a value of 8.0kN/m 2 . The mass of the structure was assumed concentrated at storey levels. Each storey has a mass, including the self-weight of the structure, infill walls and finishings, and the quasipermanent value of the live loads, of about 4 M tons. For the dynamic analysis, the storey mass is assumed to be uniformly distributed on the floors.
Design of a TLD for the case study
The procedure adopted for the design of the tuned liquid dampers for the studied building was as follows. The procedure adopted for the design of the tuned liquid dampers for the studied building was as follows. From previous analysis (Rodrigues et al. 2010) , it was found that the most flexible direction of the building corresponds to the longitudinal direction. Also, in this case study, the absence of infill's in the ground story induces a dynamic behaviour mainly governed by the first mode. In this numerical analysis, intending to show the efficiency of the TLDs in the seismic protection of building structures, it was considered the design of the TLDs only relatively to the longitudinal direction and ignoring the upper modes influence. However, it is recalled that, in most building structures, the influence of various modes should be taken in to account.
The building first natural frequency in the longitudinal direction measured in-situ (Rodrigues et al. 2010 ) was f = 1.08 Hz. The sloshing frequency of the fluid is equalled to the first natural frequency of the building:
where T is the natural period of the structure and ω is the corresponding angular frequency. In terms of linear frequency (in Hz) the equation of sloshing frequency of the fluid (Eq. 3), can be rewritten as follows
Imposing a ratio between the height of the fluid, h f, , and the length of the tank, L, equal to 0.15, as suggested by Fujino et al. (1992) , and substituting the values for the structure under analysis in Eq. (5), the following non-linear system of equations can be obtained as a function of h f and L.
1.08 = 1 2 9.81
Therefore, on the present case, L = 0.3000 m and h f = 0.0441 m.
In the scope of this work, it was assumed that the width b of the TLD is equal to its length L, leading to a quadrangular geometry in plan. This geometry guarantees that the TLD will behave equally on both horizontal directions, as opposed to a rectangular tank. From the literature review, no rule or proposal was found for the height limitation of the TLDs.
Numerical simulation of an isolated TLD
The finite element method (FEM) was used to evaluate the efficiency of the proposed tuned liquid damper model and to study the characteristics of the liquid sloshing mechanism in a TLD when subjected to a sinusoidal dynamic excitation at its base for different displacement amplitudes. ANSYS CFX TM was the finite element analysis (FEA) tool used to test the efficiency of the TLD with the dimensions determined in the previous section. The finite element mesh of the tank was generated and the problem boundary conditions and the particular properties of the fluid were defined (Novo 2008).
The optimized finite element mesh (see Fig. 3 ) adopted in these analyses has 69131 tetrahedral elements with an element average dimension of 18 mm.
The same tank dimensions and TLD parameters were used for all the analyses. The dynamic load applied to the tank was imposed by a sinusoidal motion law of the accelerations applied directly on the tank base. The sinusoidal acceleration imposed along the O X direction, which simulates the direction of ground motion, is given by
where K is the constant acceleration amplitude and f is the natural frequency of the building. Gravity acceleration is considered along the O Z direction (a z = 9.81 m/s 2 ) and no acceleration is considered along the O Y direction (a x = 0 m/s 2 ). Considering the acceleration laẅ
and integrating twice, leads to
Thus, the displacement amplitude can be calculated with the expression
The values of A c and K and listed in Table 1 . According to Eqs. (7) and (8) The dissipated energy and corresponding equivalent damping were calculated to evaluate the efficiency of the tuned liquid damper (TLD). The dissipated energy for all simulations was calculated and compared to the input energy of the system. For one specific load cycle, the energy introduced in system is calculated with the following expression (Uang and Bertero 1998):
The energy dissipated per cycle can be evaluated determining the interior area of a cyclic response of the TLD in terms of lateral force versus horizontal displacement. For one specific cycle of the TLD's response, the energy dissipation is determined by the following expression (Uang and Bertero 1998; Guerreiro 2003 ):
For a chosen cycle, it is possible to estimate the equivalent damping coefficient through the following expression:
where F max . is the maximum force (due to hydrostatic pressure) and D max is the maximum horizontal displacement of the tank (Guerreiro 2003; Chopra 2001 ).
Numerical results and discussion
The results in Fig. 4 show the force-displacement response of the TLD for a cyclic loading amplitude of 15 mm. Figure 5 shows the evolution of the input and dissipated energy components for a cyclic loading corresponding to an imposed displacement amplitude of 15 mm. For all the analyses performed, corresponding to displacements imposed in the 2-100 mm amplitude range, the evolution of the ratio between the input energy and the dissipated energy is shown in Fig. 6 . In Fig. 7 are plotted, for each displacement amplitude the maximum ratio between the dissipated energy and the input energy (Fig. 7a) , as well as the estimated equivalent damping, which gives an indication of the TLD efficiency. From the analysis of the results it is clear that, generally, the TLDs introduce an important damping effect, dissipating part of the total energy introduced in the system by the seismic excitation. For small displacement amplitudes (until 30 mm), the fluid behavior is stable with a cyclictype response. But, for higher displacement levels, sloshing is observed and an irregular response of the fluid starts to occur, with pronounced non-linear behavior. For these higher demands, the fluid contacts also with the top of the tank, which introduces different boundary conditions, if compared with the behavior for low displacement demand amplitudes. These facts justifies the response observed of the TLD and, namely, the reduction of the dissipated energy for displacement levels upper than 30 mm. According to the building dimensions, the structure properties and the TLD dimension and its characteristics, the number of TLDs needed to guarantee the required performance was estimated, in terms of energy dissipation of the structure-TLD system. The mass of the fluid in each tank is m f = ρ · h f · b · L, where ρ· is the mass density of the fluid and h f , b and L are the tank dimensions. The number of tanks required, N , was determined with the following relation (Banerji et al. 2000) :
where μ is the mass ratio between the liquid and the structure (typically varying between 1 and 5 %), m s is the mass of the structure and m f is the mass of the fluid in each tank. The fluid chosen for this analysis is water. The total mass of the building is 3863 ton. Consequently, according to Eq. (15), the number of tanks needed for each mass ratio considered in this study is listed in Table 2 .
In Fig. 8 is presented an example of the application of the TLDs in the top of the building under study, for the case of masses relation μ = 2.5. It was considered a uniformly distribution of the TLDs in the roof slab, in order to improve the efficiency of the system and allowing a better distribution of the vertical loads associated to the TLDs weight in the building structure. For the present case, the TLDs are assumed to be aggregated in 10 groups, each one with 20 alignments of tanks in the transversal direction, 12 in the longitudinal direction, and different number of levels/layers according to the mass relation intended (for μ = 1 %, 2.5 e 5 % are considered 4, 10 and 20 levels of TLDs, respectively-see Fig. 9 ).
Lumped mass method
Simplified methods can be found in the literature to simulate the behaviour of tuned liquid dampers. The lumped mass method and the linear wave theory are such methods. The lumped mass method used in this work was originally suggested by Housner (1963) . With this method, Table 2 Number of tanks estimated for each mass ratio analysed
Number of tanks 1.0 9,600 2.5 24,000 5.0 48,000 the wall of the TLD is assumed to be rigid. Hydrodynamic pressure caused by liquid sloshing in the tank due to the dynamic loading is considered separately as impulsive pressure and sloshing pressure. The impulsive pressure is proportional to the tank acceleration, but with opposite direction. The sloshing pressure is related to the height of the wave and to the sloshing frequency of the liquid. Therefore, both hydraulic pressures can be simulated by two equivalent masses linked to the tank. Figure 10 shows a schematic representation of the lumped mass model, in which M o is the mass rigidly connected to the tank at an elevation H 0 above its base and M 1 represents the impulsive mass attached to springs with stiffness k at elevation H 1 . For rectangular tanks, these parameters can be estimated by Newmark and Rosenblueth (1971) , Jin et al. (2007) :
where M is the total mass of the contained fluid, β = 2.0 and α = 1.33 are parameters due to the hydrodynamic moment on the tank base and h f is the liquid height.
Damping of surface wave in a rectangular tank
The damping of surface waves in a rectangular tank was studied by Miles (1967) , who suggested that the dissipation coefficient can be corrected by a factor 1 + 2h/b + S, where b is the tank width. With this correction factor, the energy dissipation due to the fluid friction on the lateral side walls and the liquid surface contamination is taken into account. Friction due to the side wall boundary layer is assumed to be the same as that of the bottom boundary layer. S is a surface contamination factor that can vary between 0 and 2. S = 1 will be used in this study, which corresponds to a fully contaminated surface, as suggested by Sun (1991) .
Proposed model
The steps adopted for the simplified simulation of the passive energy dissipation system based on TLDs in the Structural Analysis Program (SAP2000 TM ) are briefly described in the next paragraphs (see also Fig. 11 ). Each TLD group is simulated by a macro-model, as follows:
(i) A damper type link was defined in order to simulate the equivalent damping (ζ) properties of the TLD; (ii) Each link is connected to the structure with bar elements with stiffness k (according to expression 19) and (iii) Concentrated masses were introduced at the ends of the macro-model to simulate the static mass and at the centre to simulate the dynamic mass.
To simplify the analysis, and due to the large number of TLDs needed for the passive energy dissipation system designed in this study, each macro-model corresponds to a set of TLDs. The schematic representation of the macro-model developed in SAP to simulate a group of TLDs is shown in Fig. 11 .
The model was implemented in SAP. The 3D structure representation with each TLD group is simulated by a macro-model/element, as described before in the longitudinal direction (see Fig. 12 ). 
Ground motion
This study was performed for a set of synthetic ground motions artificially generated, for a moderate risk scenario, according to a non-stationary stochastic finite fault seismological simulation model based on random vibration (Carvalho et al. 2005) . The considered ground motions reflect both the close and distant earthquake scenarios and were defined for several return periods. Distant earthquake scenarios were considered for this study with four different return periods (yrp = 73, 475, 975 and 2000 years) and three artificial earthquakes were generated for each return period (Carvalho et al. 2008) . A total of twelve earthquakes were adopted in this study.
Numerical results
The most relevant numerical results, namely the envelope lateral displacement profiles and the maximum inter-storey drift profile, are shown in Figs. 13, 14, 15 and 16. Each profile represents the average result for each return period considered (73, 475, 975 and 2000 years) .
The present results were obtained with a numerical model based on linear elastic analysis. In fact, a more reliable analysis would be obtained considering the non-linear behaviour of the RC concrete elements. However, it is highlighted that the building under analysis concentrates the deformation demands mainly in the elements at the first storey, so the damage expected would be concentrated in these elements. In Figs. 13, 14, 15 and 16, it can be observe that for the lower seismic demands (for signals with return period up to 975 years), the assumption of linear elastic behaviour gives a good approximation since the maximum drift observed is inferior to 1 %. For larger earthquake demands, a more precise analysis should include the non-linear modelling of the RC elements.
Concluding remarks
The main concern of this paper is to analyse the efficiency of quadrangular tuned liquid dampers (TLDs) in controlling the response of building structures when subjected to earthquake ground motions.
To characterise the TLDs, as well as the liquid sloshing mechanism, an isolated TLD was studied using a refined finite element (FE) model. The TLD studied was designed for a frequency of 1.08 Hz and subjected to sinusoidal excitations at its base with displacement amplitudes between 2 and 100 mm. From the analysis of the obtained results it can be concluded that, for a sinusoidal cyclic loading, the behaviour of the studied TLD is globally efficient, significantly increasing the energy dissipation and the corresponding equivalent damping of the global system. The TLD is more effective in reducing the structural demands for structures with lower natural periods, as the building structure here studied with a natural period close to 1 s, representative of a large number of existing buildings in many countries around the world. From the current analysis, it can be concluded that TLDs can be adopted as effective measures for reducing building structural demands to earthquake input motions. It is worth emphasising that many questions are still open in the field of the TLD's application, particularly in what concerns the behaviour of TLDs. Therefore, additional numerical and experimental research, namely by means of shaking table tests and in-situ evaluation of their performance on real structures should be developed in this domain to validate the design procedure. Nevertheless, the research work briefly reported herein is expected to contribute to a better understanding of these innovative structural protection systems. Additionally, the architectonic impact associated to this rehabilitation measure should be considered case by case.
